Interaction of a hybrid system consisting of a semiconductor quantum dot and a metallic nanoparticle (MNP) with a laser beam can replace the intrinsic plasmonic field of the MNP with a coherently normalized field (coherent-plasmonic or CP field). In this paper we show how quantum coherence effects in such a hybrid system can form a coherent barrier (quantum cage) that spatially confines the CP field. This allows us to coherently control the modal volume of this field, making it significantly smaller or larger than that of the intrinsic plasmonic field of the MNP. We investigate the spatial profiles of the CP field and discuss how the field barrier depends on the collective states of the hybrid system.
Introduction
Quantum coherence effects in nanoparticle systems have created a new momentum for the investigation of novel effects in nanoscience with interdisciplinary applications. For example, it has been shown that when quantum dots (QDs) are in the vicinity of metallic nanoparticles (MNPs), these effects allow us to control the speed of light [1] , induce the Rabi frequency [2, 3] , and generate bistability and hysteresis [4] [5] [6] . Quantum coherence in QD-MNP systems can also be used to change energy dissipation rates in the MNPs, forming Fano-type features or plasmonic electromagnetically induced transparency, and to investigate strong coupling between QDs [4, [7] [8] [9] [10] [11] [12] [13] . Additionally, it has been shown that such systems can generate two distinct types of coherent exciton-plasmon couplings, forming molecular like resonances (called plasmonic meta-resonances or PMRs) that are quite different from excitons in QDs and plasmons in MNPs [3] . A recent report has also shown the possibility of using quantum coherence to reverse the course of energy transfer, allowing flow of energy from the MNPs to the QDs [14] .
Recent studies have shown that when a laser field interacts with a QD-MNP system, the nature of the plasmonic field of the MNP can change significantly [3, 4, 8, 15] . This happens since quantum coherence can normalize the plasmonic field of the MNP, forming a significantly different field (called here a coherent-plasmonic field or CP field) [3, 15] . In this paper we investigate the spatial properties of this field and demonstrate how it depends on the collective molecular states of the QD-MNP system (called bright and dark states). Our results show that when the coherent QD-MNP molecule is in the dark state, i.e., the QD does not emit light, the CP field is spatially confined around the MNP. As schematically shown in figure 1 , the boundary of this confinement (barrier) is dictated by the position of the QD. Therefore, this field barrier determines the spatial extent and modal volume of the CP field. When the distance between the QD and the MNP is relatively large, the CP field can be significantly stronger than the intrinsic plasmonic field of the MNP ( figure 1(a) ), supporting a larger modal volume. When the QD is close to the MNP this process can significantly squeeze the CP field and reduce its modal volume ( figure 1(b) ). Our results show that the field barrier can be Figure 1 . Schematic illustration of coherent confinement (barrier) of plasmonic field of a MNP (center). The solid and dashed lines refer, respectively, to the plasmonic fields in the presence (CP field) and absence of this barrier. a is the radius of the MNP and R is its distance from the center of the QD. E z refers to the electric field along the axis of the QD-MNP system (z). L refers to a given point in the range of the CP field and the horizontal arrow indicates the direction of the laser polarization. (a) and (b) refer to two positions of the QD, leading to enhancement and suppression of the field, respectively. turned off when the intensity of the laser field is adjusted such that the nanoparticle molecule is switched to its bright state. Under this condition the CP field becomes similar to the intrinsic field of the MNP.
The results of this paper can have applications in sensors wherein control of the plasmonic modal volumes can be a useful asset. Additionally, since the transition between the bright and dark states of QD-MNP systems can happen via ultra-small variations in the refractive index of their environments [15] , these results can be used for applications wherein variations of the modal volume are triggered by the introduction of very small molecules.
Theory of interaction of QD-MNP systems with laser fields
This section briefly describes the theoretical treatment of this paper. Some parts of this treatment have been reported before [4, 8, 9] . Here, however, we consistently consider the way the rate of Förster resonance energy transfer (FRET) from the QD to the MNP is normalized by quantum coherence and how this process influences the population and dephasing damping rates of the QD. We consider a MNP made of gold with radius a and dielectric function ε m (ω), including the contributions of both d-electrons (ε d (ω)) and Drude (ε s (ω)) [16] . For ε d (ω) we used the tabulated data presented in [16] for bulk gold. The dielectric constant of the QD is denoted by ε s and that of the environment by ε 0 . We also consider the center-to-center spacing between the QD and the MNP as R. Additionally, the MNP considered in this paper is small (a = 7 nm). Therefore we only include its plasmonic dipole mode contribution [7] .
We consider such a system interacts with a laser field with frequency ω (E = (1/2)E 0 e −iωt + c.c.) that is resonant with the fundamental excitonic transition of the QD (the 1-2 transition), i.e., ω = ω 0 (ω 0 is the frequency of this transition). The polarization of this laser field is considered to be along the axis joining the QD and the MNP ( figure 1(a) ). In such a system the electric field experienced by QD has the following form:
where
. The second term in equation (1) represents the dipole field generated in the QD via plasmons in the MNP. The two main contributors to this term include the plasmons that are generated by direct interaction of the laser field with the MNP and by the dipole field of the QD. In other words, P MNP is given by:
Here γ =
and P QD = µ 12 (ρ 12 + ρ 21 ) refers to the dipole of the QD. ρ 12 (and ρ 21 ) are off-diagonal elements of the density matrix of the QD and µ 12 refers to the dipole moment of the 1-2 transition. Considering these, the semi-classical Hamiltonian of the QD system in the dipole and rotating wave approximations is given by [3, 9] :
In the above equation H.C. stands for the Hermitian conjugate and σ ij = |i j| with i and j = 1 and 2. |1 and |2 refer, respectively, to the ground and excited states of the QD (exciton) withhω 1 andhω 2 energies (ω 0 = ω 2 − ω 1 ). In equation (3) r 12 = −µ 12 E QD /(2h) refers to the normalized Rabi frequency of the QD, containing the effects of both coupling field and plasmons. It can be written as [3] :
Here η = is the Rabi frequency associated with the QD when it is isolated (very large R). Considering these and the master equationρ = −i/h[H, ρ]+ρ| relax (ρ| relax is the relaxation term), the density matrix elements (ρ ij ) are obtained as follows:
Here the normalized energy of the 1-2 transition (E p ) and the carrier relaxation induced by FRET ( FRET ) are given as follows:
with δ = ρ 11 − ρ 22 . In equation (7) FRET = Im[η]δ refers to the renormalized FRET rate from the QD to the MNP. 22 and γ 12 are the energy relaxation and polarization dephasing rates of the excitons in the absence of the MNP, considered to be 1/0.8 and 2.7 ns −1 , respectively [4, 17] . To find out the CP field at the point L at a distance z from the MNP center (figure 1) when the QD is at a given position (R) we need to calculate the field generated by direct excitation of the plasmons by the laser field and that created by the plasmons induced by the QD. Considering the above discussion, the amplitude of the CP field generated at point L can be obtained from:
Knowing this we can calculate the plasmonic field enhancement factor as:
P coh represents the ratio of the effective field intensity at the location of L in the presence of the MNP (I eff ) to that in the absence of the MNP (I 0 ), i.e., I eff = P coh I 0 . To calculate the plasmonic field enhancement in the absence of quantum coherence (P inc ) we use the following expression [18] :
This equation can be readily obtained using the fact that
Coherent-plasmonic field barrier
To investigate coherent confinement and squeezing of the plasmonic fields we consider ε s = 6 (CdSe-based materials) and ε 0 = 1.77 (like water). Figure 2 shows the variation of P coh and P inc with z for R = 12, 14 and 18 nm. For this we consider the radius of the MNP (a) as 7 nm and hω 0 = 2.37 eV, which is the same as the energy of the plasmonic absorption peak of the MNP. Around 2.37 eV the dominant contribution of ε d (ω) is 10.36 + i1.59 [16] . The results in figure 2(a) show that for R = 12 nm and I 0 = 1251.7 W cm −2 the spatial extension of the CP field (solid line) is significantly less than that for the intrinsic field of the MNP in the absence of quantum coherence (dashed line). Additionally, the maximum of P coh is less than half of P inc , suggesting significant field suppression. Figure 2(b) shows that when the QD is located at 14 nm from the center of the MNP and I 0 = 314.05 W cm −2 P coh is close to P inc . When R = 18 nm and I 0 = 31.456 W cm −2 , as figure 2(c) shows, P coh is significantly more than P inc close to the MNP. For z > 12.5 nm, however, P coh becomes less than P inc . Note that, as depicted in the insets of figure 2 , the results here are for the locations with positive z, i.e., the regions with uniform The results shown in figure 2(a) suggest that the CP field can be squeezed significantly when the QD is close to the MNP. As R increases the spatial extent of this field increases while its amplitude enhances, becoming much larger than that for the intrinsic plasmonic field of the MNP. As R becomes very large these two fields become identical, as expected. These results suggest that coherent exciton-plasmon coupling in a QD-MNP system can form a barrier that spatially confines the extent of the CP field. To clarify this further, in figure 3 we show P coh for R = 12 (circles), 14 (squares) and 18 (triangles) nm while zooming in on their variations close to the origin. These results suggest that P coh becomes nearly zero at z ∼ R and approaches P inc (dashed line) as z increases. This shows that the boundary of the coherent barrier depends on the position of the QD (R).
Note that in figure 2 , depending on the value of R, we considered specific laser field intensities (I 0 ). These are the critical intensities (I c ) beyond which P coh changes dramatically. To show this in figure 2 we also show P coh when I 0 is slightly above I c (dotted lines). The results show that when I 0 = 1251.9 W cm −2 P enh becomes nearly indistinguishable from P inc ( figure 2(a) ). This suggests that the coherent field barrier can be turned off when I 0 passes I c . Under this condition, P coh behaves similar to P inc . A similar phenomenon happens in the cases of R = 14 and 18 nm when I 0 becomes 314.2 and 31.46 W cm −2 , respectively (figures 2(a) and (c)).
Zero field to intense field regimes
The results presented in section 3 suggest some sort of internal transition in the QD-MNP system. To illustrate this, in figure 4 we show the results of the calculations for P coh as a function of I 0 at z = 11 (circles) and 18 (squares) nm when R = 18 nm. The latter refers to the CP field at the edge of the coherent barrier while the former is inside the barrier. These results suggest that the variation of P coh in these positions is in the opposite phase. In fact the interesting feature seen here is that at the edge of the barrier for I 0 < I c (I c = 31.47 W cm −2 ) the field enhancement factor is very small. When I 0 becomes larger than I c the enhancement becomes relatively significant (squares). The situation is rather different in the case of z = 11 nm (circles), where we see a significant amount of P coh Figure 4 . Variation of P coh as function of applied laser intensity at z = 18 (squares) and 11 (circles) nm when R = 18 nm. All other parameters are the same as those in figure 2. Figure 5 . Schematic illustration of the relation between the coherent barrier and the states of the QD-MNP system. In (a) the coherent barrier exists while this system is in its D (dark) state (non-emitting QD). In (b) the coherent barrier does not exist and the QD-MNP system is in its B (bright) state (emitting QD). when I 0 < I c . For I 0 > I c the enhancement factor decreases suddenly, but still retains a significant value.
The results in figure 4 suggest a transition between the collective molecular states as I 0 reaches I c [3] . Since P coh is nearly symmetric across the center of the MNP (positive and negative z), we can conclude that for I 0 < I c the QD does not emit light, since I eff at its location is nearly zero. When I 0 > I c , and P coh increases abruptly (figure 4, squares) it emits efficiently. Therefore, we denoted the collective states of the QD-MNP system according to the emission of the QD. When the QD is not illuminating we call the state of this system the dark state (D state) and when the QD is emissive it is called the bright state (B state). Considering these, as shown schematically in figure 5(a) , a coherent barrier occurs when the QD-MNP system is in the D state. When the system is in the B state the barrier vanishes ( figure 5(b) ).
The results shown in figure 2(a) suggest that when the QD is very close to the MNP, the plasmonic field can be squeezed significantly. As the distance between the QD and the MNP increases, however, the coherent field barrier can occur with significant field enhancement at the close vicinity of the MNP. To discuss how such a field enhancement changes with R we show in figure 6 (a) the calculation results for P coh at z = 7.1 nm as a function of I 0 for R = 18 (solid line), 25 (dashed line), 35 (dotted lines), and 50 (dotted-dashed line) nm. Figure 6(b) shows the corresponding results for the ratios of P coh to P inc at the same locations. These results suggest that for the R = 18 nm case, we expect to have an enhancement factor of about 200 before reaching I c . For R = 25 nm, the field enhancement factor reaches about 600 and declines sharply with increasing I 0 . With a further increase of R, however, P coh starts to decline, reaching the value of P inc ( figure 6(b) ). These results suggest that as R increases the coherent molecular properties of the QD-MNP smear out. For R = 18 nm we see a clear transition between the D and the B state while for R = 25 nm it does not exist. The results in figure 6 (b) also show the significant advantage of quantum coherence in increasing plasmonic field enhancement.
To discuss the variation of the CP inside and outside of the barrier and its relation with the position of the QD, in figure 7 we consider the case when I 0 = 31.5 W cm −2 and R is changed from 14 to 30 nm. Other parameters are the same as those in figure 2. Under these conditions, the results show that for z = 7.1 up to 13 nm the closer the QD is to the MNP the smaller the plasmonic enhancement factor. This demonstrates the coherent squeezing of the CP field for small R's. The results also show that for this range of z, P coh falls abruptly to much smaller values when R passes 18 nm. Based on the results in figures 7(a) and (b), such a transition is more dramatic for locations (z) closer to the MNP. As the value of z increases, the extinction ratio for this transition reduces. When z is close to R = 18 nm ( figure 7(c) ) the situation changes significantly and the CP field increases as R passes 18 nm. The results presented in figures 7(a) and (b) show that for a given value of I 0 we can find a critical distance (R c ) such that for R < R c the coherent barrier happens while when R becomes larger than R c the barrier disappears. For I 0 = 31.5 W cm −2 and the other parameters considered in figure 7 the critical distance is 18 nm. Note that for R < R c the system is in the D state and when R becomes larger than R c it transfers to the B state.
The results presented in this paper can be observed experimentally if one studies the interaction of a laser field with single QD-MNP systems. Such systems can be fabricated considering the recent investigation of nanoparticle conjugation. For example, as shown in [19] , using polypeptide it is possible to attach QDs and MNPs with well-defined separations. Also QD-MNP systems can be formed using biomolecules to conjugate colloidal QDs with MNPs fabricated using e-beam lithography [20] . Alternative methods can be the application of recent research regarding embedding MNPs in epitaxial structures [21] , or placing MNPs in the vicinity of epitaxially grown QDs. In such systems the emission of the QDs provides the key feature for the concepts discussed in this paper. It may also be possible to use a probe dye molecule or QD with longer emission wavelengths than the QDs used in the QD-MNP systems to detect the field inside the barrier. These probes should not interfere with the quantum coherence effects and preferably be off-resonant from the plasmon resonances in the MNPs.
Conclusions
We showed quantum coherence effects in a QD-MNP system can form a barrier (quantum cage) that spatially confines the spatial extent of the coherently normalized plasmonic field of the MNP. The boundary of this field barrier is dictated by the position of the QD and can be switched off using the laser field intensity responsible for generation of quantum coherence. We showed that in the presence of the barrier the QD does not emit. As this barrier vanishes the QD starts to emit efficiently.
